Purpose To study the protection offered by empty liposomes (LPs) alone against acrolein-induced changes in urothelial cell viability and explored uptake of LPs by primary (rat) urothelial cells. Methods Acrolein was used as a means to induce cellular damage and reduce urothelial cellular viability. The effect of acrolein or liposomal treatment on cellular proliferation was studied using 5-bromo-2 0 -deoxy-uridine assay. Cytokine release was measured after urothelial cells were exposed to acrolein. Temperature-dependent uptake study was carried out for fluorescent-labeled LPs using confocal microscopy. Results Liposome pretreatment protected against acrolein-induced decrease in urothelial cell proliferation. LPs also significantly affected the acrolein-induced cytokine (interferon-gamma) release offering protection to the urothelial cells against acrolein damage. We also observed a temperature-dependent urothelial uptake of fluorescentlabeled LPs occurred at 37°C (but not at 4°C). Conclusions Empty LPs alone provide a therapeutic efficacy against acrolein-induced changes in urothelial cell viability and may be a promising local therapy for bladder diseases. Hence, our preliminary evidence provides support for liposome-therapy for urothelial protection and possible repair.
Introduction
The urinary bladder urothelium (UT) offers the first-line protection against injury or damage due to exposure to various urinary toxins. The UT may be disrupted in various conditions such as with infection, inflammation or following a damaging level of stress. UT damage is likely to affect the underlying tissues that contribute to bladder function. Hence, there is interest in developing an agent that can repair and restore the UT barrier against various damaging conditions. The urinary bladder can be exposed to acrolein and its metabolites due to dietary, endogenous, drug-induced and environmental sources [1, 2] . Acrolein has been shown to cause severe inflammation and damage to the bladder.
Two examples of therapies that may eventually result in acrolein formation, tissue damage and hemorrhagic cystitis are cyclophosphamide treatment (CYP) and radiation [3] . CYP, an antineoplastic and immunosuppressant, has been used clinically to treat over 200,000 patients per year diagnosed with bladder cancer [4] . Radiation is often used in the management of pelvic malignancies, either as primary or as adjuvant treatment. A degree of bladder involvement is inevitable in the case of pelvic irradiation [5] . CYP is converted to acrolein, which activates urothelial transient receptor potential cation channel (TRPV1 and TRPA1) receptors, causing calcium influx and cytokine gene transcription via the calcineurin-dependent nuclear factor of activated T cells (NF-AT) pathway. Radiation can have a similar effect by causing membrane lipid peroxidation, leading to acrolein formation and activating inflammatory pathways [2] .
Liposomes (LPs) are biocompatible and biodegradable lipid bilayer vesicles similar to the lipid bilayer cell membranes of living cells. Liposomal biocompatibility and its capability to deliver drugs to UT have been shown in our previously reported studies in both humans and animals [6, 7] . We have reported that intravesical empty LPs treatment in animals and humans offered mucosal protection that may be important in the treatment of interstitial cystitis/bladder pain syndrome (IC/ BPS) [6, 8] . LPs may be taken up by the urothelial cells (biological barrier) to produce the desired pharmacological effect in part via enriching the required therapeutic concentration at the desired target site [3, 7] . However, the exact cellular entry mechanism underlying liposome uptake by bladder urothelial cells including an effect on cellular viability remains unclear. It has been shown that the endocytic pathway could be a major contributor to the cellular uptake of LPs [9] . In the present study, we investigated uptake of empty LPs by urothelial cells and the protection offered by LPs against acrolein-induced urothelial cell injury.
Materials and methods
All procedures were conducted in accordance with IACUC policies at the University of Pittsburgh.
Primary bladder urothelial (UT) cell cultures were prepared as previously described from Harlan Sprague-Dawley female (2-4 mho) rats [10] . Urinary bladders were removed and placed in cold MEM (Invitrogen, Carlsbad, CA) with HEPES (2.5 g/l, Sigma, St. Louis, MO) and 1 % penicillin/streptomycin/fungizone (Invitrogen). The bladder was cut open and incubated in dispase (4°C, 2.0 mg/ ml, Invitrogen). Urothelial cells were gently scraped from the underlying tissue, placed in trypsin (0.25 % wt/vol; 5-15 min, Invitrogen) triturated, suspended in MEM containing 10 % FBS (Invitrogen) and centrifuged (416 g; 15 min). Cells were suspended (CNT-16, CELLnTEC, Bern, Switzerland) and plated on collagen-coated glass coverslips (2 9 10 5 cells/ml); all cultures were cytokeratin-positive, demonstrating epithelial phenotype.
Fluorescent imaging of liposome uptake
Cultured UT cells were incubated with fluorescently tagged liposomes (LP, 2 mg/ml in media; N-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-Sphingosine-1-Phosphocholine (C12-NBD Sphingomyelin; green) (Lipella Pharmaceuticals, Inc., Pittsburgh, PA). The UT plasma membrane (PM) was fluorescently labeled with wheat germ agglutinin-Alexa Fluor 555 (Invitrogen, red; 10 min; 37°C). After fixation (4 % paraformaldehyde, 10 min), nuclei were stained using To-Pro-3 (Invitrogen, 642/661, 1:1,000 in PBS, 10 min, blue). Images were acquired using a Leica SP5 Confocal and analyzed with Velocity 3D Image Analysis Software (Perkin Elmer, Waltham, MA).
Proliferation assay
Four groups (all analyzed at 3 DIV) were studied. These included untreated control (C), liposome alone (LS, 2 mg/ ml; treated at 1 day in vitro-DIV), acrolein (A, 2 lM; treated at 2 DIV) and liposome pretreatment prior to acrolein (LP ? A). Following incubation with LPs and/or acrolein, the cells were processed for 5-bromo-2 0 -deoxyuridine (BrdU; Roche, Indianapolis, IN) uptake following the manufacturer's instructions. In brief, cells were incubated in BrdU labeling reagent, fixed (50 mM glycine/ ethanol), incubated (anti-BrdU primary antibody, 1:50; anti-mouse-Ig-fluorescein secondary antibody, 1:200) and then a blue nuclear dye (DAPI; 4,6-diamidino-2-phenylindole; Invitrogen). The percentage of proliferating cells (green) was calculated by counting the number of BrdU positive/total cells. Using GraphPad Prism 5.0, statistical differences were evaluated with one-way ANOVA followed by Neumann-Keuls multiple comparison post hoc test, with significance equals p \ 0.05.
Cytokine; ATP measurements
Using the same experimental approaches as above, for ATP release, cells were superfused with HBSS buffer (5 mM KCl, 0.3 mM KH 2 PO4, 138 mM NaCl, 4 mM NaHCO 3 , 0.3 mM NaH 2 PO 4 , 5.6 mM glucose, 10 mM Hepes, 2 mM CaCl 2 and 1 mM MgCl 2 , pH 7.4) using a peristaltic pump (flow rate 0.4 ml/min) and 100 ll of perfusate collected every 60 s. Samples were taken for each experimental group for 15 min before and during a control stimulus (50 % hypotonic), and for 15 min during washout with HBSS. ATP levels were quantified immediately after sample collection using a luciferin-luciferase reagent (ATP Luminescence Kit, Sigma-Aldrich) and bioluminescence measured using a luminometer. Interferon-gamma (IFNc) measurement in supernatant and cellular extracts was determined using SearchLight cytokine array technology (Rat Cytokine 3 Array Aushon Biosystems, Billerica, MA). Using GraphPad Prism 5.0, statistical differences were evaluated with one-way ANOVA followed by NeumannKeuls multiple comparison post hoc test, with significance equals p \ 0.05.
Results

Proliferation assay
Proliferation in various groups was evaluated using BrdU assay. Proliferation of acrolein-treated cells was decreased by 56.7 % (7.4 ± 2.2 % BrdU positive cells) as compared to control (17.06 ± 1.4 % BrdU positive cells; p \ 0.05), showing acrolein can significantly decrease urothelial proliferation. Pretreatment with LPs followed by acrolein treatment showed a twofold increase in cell proliferation (15.0 ± 2.9 % BrdU positive cells) as compared to the acrolein treatment. The liposome plus acrolein group proliferation rate approximated that of the control group (Fig. 1) .
Release of interferon-gamma (IFNc); ATP We examined both IFNc and ATP levels in the cell culture supernatant in the various groups studied. Acrolein treatment caused a significant release of IFNc (1.66 fold; 52.7 ± 7.6 pg/ml) as compared to control (p \ 0.01; 31.8 ± 5.1 pg/ml) (Fig. 2) . Liposome treatment showed no change in the release of IFNc in the liposome-only group. In a similar manner, hypotonic-evoked ATP release in acrolein-treated cells was increased (3.5 fold difference) as compared with untreated or liposome-only control.
Furthermore, the cells pretreated with liposome followed by acrolein treatment resulted in production and release of ATP as well as IFNc similar to that of control.
Endocytotic uptake of liposomes
To study the effect of temperature on urothelial liposomal uptake, we incubated urothelial cells with fluorescentlabeled LPs (2 h) at 4°C and 37°C. Representative confocal microscopy images (incubation of cells at 4°C) revealed a visible extracellular association of LPs to the external cell surface (PM) without internalization (Fig. 3,  left panel) . Increasing the time of incubation (up to 10 h) did not result in appreciable changes in internalization of LPs. Further, there was a noticeable lack of internalization of fluorescent-labeled LPs at 4°C that could be due to depletion of energy and hence limited uptake. Incubation at 37°C showed increased liposomal uptake across the PM and located near the nucleus (Fig. 3, right panel) .
Discussion
The urothelial cells form the specialized lining which covers the luminal surface of the bladder. The UT provides the first line of defense by virtue of its tight barrier against most substances found in urine, hence protecting the underlying tissues. This tissue exhibits a variety of cellular functions [11] that include control of permeability and cell-cell communication and also appears to perform a key role in responding to injury and infection. Studies have shown that the UT is also involved in pathological conditions including cancer, detrusor overactivity and bladder pain [12] . In addition, urine itself contains various natural constituents, irritants, infectious agents and toxins [13] . A balance is maintained between the payload of urinary constituents and the urothelial capacity to protect the bladder against the urinary constituents. When the balance is disrupted due to injury or inflammation, it can result in passage of toxins into underlying tissues impacting bladder function [11, [14] [15] [16] . Acrolein is one such toxin that can cause injury and affect the cellular functions. Hence, in the present preliminary study, we explored whether empty LPs offer protection against acrolein-induced changes in urothelial cell viability.
Quantification of a number of bladder carcinogens in normal UT and bladder tumor tissue has shown acrolein is present in large levels [17] . Endogenously, acrolein can be produced by lipid peroxidation in biological systems. Amino acid and polyamine catabolism is also a significant source of acrolein [1] . Bladder cancer patients are among the longest cancer survivors [18] and face difficulties due to the adverse effect of treatments including CYP and radiation therapy. Hemorrhagic cystitis occurs mainly due to acrolein formation after CYP or radiation treatment [2] . Therefore, acrolein induction of cellular (UT) damage is a clinically relevant model for studying mechanisms of underlying bladder urothelial damage and repair.
Applications of nanotechnology in drug delivery are widely reported including intravesical drug delivery for treating urological disorders [19] . Of all the nanomedicine platforms, liposome formulations are the most widely approved by the US Food and Drug Administration for the safe and effective delivery of therapeutics [20] . Liposomal drug delivery has been applied for treatment of cancers and fungal infections [9] . LPs have vesicular structures consisting of an aqueous core surrounded by a lipid bilayer [21] . Liposomal formulations are biocompatible and cause little or no adverse toxic reactions, making liposomal drug delivery attractive for the treatment of bladder diseases [22] .
Our preliminary findings support the view that beside a role as a drug carrier, LPs may be of therapeutic benefit in terms of UT protection. The protective effect of LPs against acrolein toxicity may be due in part to forming a protective layer, an anti-inflammatory effect and/or external lipid supplementation to restore the lipid membrane structure. LPs may decrease the penetration of acrolein and hence minimize the toxic effect on the cells [6, 8] . The symptoms described by patients diagnosed with IC/BPS may be a result of a defective UT barrier. A disruption of the UT in IC/BPS patients may allow access to toxic substances in the urine and thus lead to a cascade of events with associated irritative voiding symptoms and bladder pain [23] .
LPs are well tolerated after intravesical administration [6] . Studies in moderate to severe IC/BPS patients have shown that empty LPs are able to decrease the symptoms of urinary frequency and nocturia with efficacy similar to oral pentosan sulfate sodium [6] . There is evidence that LPs can fuse with cells to form a type of molecular film that can promote wound healing. Thus, in terms of the urinary bladder, LPs may enhance barrier property of a compromised UT and also increase the resistance to irritant penetration. We have evidence that LPs are protective against potassium chloride/protamine sulfate and acetic acid by decreasing the excitability of irritantinduced activation of afferent nerves and bladder nociceptive pathways [8] . LPs may also stabilize neuronal membranes and decrease hyperexcitability of afferent receptors. LPs exhibit a protective effect against acrolein exposure which suggests that LPs can adhere and bind to the UT cell membrane. Our findings show that incubation of LPs at a lower temperature (4°C) did not show evidence of internalization of fluorescent-tagged LPs, however; there appeared to be some adherence or association of the liposome to the urothelial cell membrane (Fig. 3) . While preliminary, the internalization of fluorescentlabeled LPs with increasing temperature suggests involvement of an endocytic mechanism. We acknowledge limitations in comparing in vitro versus in vivo findings (such as differences in lipid composition of the apical and basolateral membrane domains). However, our in vitro findings are supported by an (unpublished) preliminary in vivo study that revealed a similar observation in rat bladder-plain gold nanoparticles could be localized to the urothelial cell surface, and with increased temperatures liposome-encapsulated gold particles were located internalized within the UT.
Inflammatory cytokines such as IFNc have been shown to be augmented in GI/GU pathology and to play a role in altering epithelial barrier function in a number of tissues [24, 25] . Our finding that LP pretreatment decreased the acroleininduced changes in UT-IFN-c suggests a protective effect against inflammation. Inflammation or injury may generate free phospholipids from cell membrane at the site of injury that can reduce membrane-damaging mediators and enhance membrane barrier function [26] . In this regards, studies in mice with hypercholesterolemia-induced microvascular and macrovascular endothelial cell dysfunction showed significant improvement and restored function after intravenous phospholipid therapy [27] . In addition, in vitro studies have reported that phospholipid LPs also have the ability to extract un-esterified cholesterol from cellular membranes that alters both cellular membrane structure and calcium influx [28] . Liposome treatment may also modify the functional properties of cellular membranes, thus restoring the lipid content in the PM of cultured cells [29] . Apart from transmembrane uroplakin proteins, the lipids in the apical membrane of umbrella cells, an uppermost layer of the UT, are also an integral component of the permeability barrier in the bladder [30] . Similar to that occurring in other organs [31] , pathology-induced stimulation of lipid synthesis may also occur in the lower urinary tract, which may serve to augment the urothelial barrier function.
Conclusions
While a number of possibilities exist and are worth exploring, the therapeutic efficacy of LPs may be due to ability to supplement or restore the urothelial membrane. In addition, our findings also suggest an energy-dependent endocytotic process is involved in part, in the liposomal uptake across the urothelial membrane. Taken together, our preliminary evidence provides support for liposome-therapy for urothelial protection and possible repair. This is likely to be important in a number of bladder conditions involving epithelial dysfunction caused by chronic infection or disease.
